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monitored by reading the optical density.
49
Results: There was considerable variability between strains in response to changes in temperature 50 and oxygen. Some of this variability was associated with serotype. Generally, carriage and IPD 51 isolates grew to the maximal density at the temperature of the nasopharynx (~33C), but IPD 52 isolates began growing earliest at internal body temperature. Growth curve characteristics 53 correlated with epidemiological estimates of serotype-specific carriage prevalence and 54 invasiveness. Streptococcus pneumoniae (pneumococcus) is a commensal bacterium of the human nasopharynx.
62
The nasopharynx is considered to be the reservoir and source of pneumococcal transmission 63 between individuals [1] . Pneumococcus is an opportunistic pathogen that causes diseases ranging 64 from mild but common illnesses like sinusitis and otitis media to serious illnesses such as 65 pneumonia, sepsis and meningitis [2] .
67
In different anatomical sites within the human host, pneumococci are exposed to variable 68 temperature and oxygen levels. In the nasopharynx, considered its main niche, the average 69 temperature is around 33°C, with some differences between children and adults [3] [4] [5] [6] . The core 70 body temperature, which would be encountered during invasion into tissues, is 37°C. The 71 temperature in the lungs is constantly changing based on the temperature of inhaled air but is 72 generally lower than 37°C [7] . During infection by pneumococci or during viral co-infection (such 73 as influenza or RSV), both external and internal temperature increases [8] [9] [10] [11] [12] . Oxygen levels also 74 vary within the host. In the nasopharynx, bacteria on top of the mucus layer are exposed to almost 75 ambient air (20% O2). Pneumococci in biofilms in the nasopharynx encounter lower levels of 76 oxygen [13] . Entering the lower respiratory tract or the middle ear, pneumococci are exposed to 77 micro-aerophilic conditions and to almost anaerobic conditions when present in blood and the 78 cerebrospinal fluid (CSF) [14] [15] [16] . Likewise, mucus production during infection (i.e., due to 79 influenza or RSV) can block the air passage and form micro-aerophilic (around 5% O2) or even 80 anaerobic microenvironments [15, 16] . was a large volume of data with many possible variables that could be generated for correlation 160 analyses (e.g., maximum OD600 achieved, OD600 at time point T). To avoid overfitting the data,
161
we first performed principal components analysis. temperatures but grew to a significantly higher density in aerobic+catalase at low temperatures.
206
Conjunctivitis and pneumonia isolates also grew similarly in anaerobic and aerobic+catalase 207 conditions, although fewer isolates were tested (Figure 2) .
209
When grown in ambient air without catalase, pneumococcus typically produces toxic levels of 210 hydrogen peroxide. As expected, most IPD isolates hardly grew in ambient air due to this toxicity.
211
Unexpectedly, some IPD isolates carriage isolates grew moderately under these conditions (e.g.,
212
IPD isolates of serotypes 9N, 12F, 18A,23A, 33F IPD isolate; Figure 5 ). Moreover, carriage
213
isolates grew moderately well in ambient air without catalase, especially at higher temperatures
214
(35-39°C). (Figure 2C, 3) . Figures 2-5 carriage isolates grew moderately well, especially at higher temperatures (Figure 1-4 This study had certain limitations. For the growth curves, we used BHI broth which is an artificial 309 growth medium that differs in nutrient composition from the host. We evaluated several minimal 310 media but found that growth was generally poor, making comparisons between strains difficult.
311
While we tested a large number of strains representing many serotypes, some serotypes were only
312
represented by a single isolate (i.e., 11B, 12F, 13). This could limit the generalizability of serotype-313 specific findings in these instances, making it difficult to make inferences about whether variability 314 was due to serotype, site of isolation, or lineage effects. The strains used in this study were largely 315 a convenience sample from clinical studies. The genetic diversity of pneumococcus makes it 316 difficult to draw conclusions about the cause of differences between strains. The growth curves 317 with the capsule-knockout strains and capsule-switch variants suggests that the capsule itself could 318 influence these phenotypes. We did not perform any gene expression studies which could be highly 319 influenced by environmental conditions [39] . Further work could explore the genetic basis (both 320 capsular and non-capsular factors) for the differences in growth phenotypes between strains.
322
In conclusion, we demonstrate that the growth characteristics of pneumococcus are influenced by These results could help in understanding which of the serotypes has the greatest capacity to 328 emerge -in both carriage and disease -in the future. 
